Palmer amaranth and kochia are major problem weeds in many cropping systems in the United States. Wide acceptance of glyphosate tolerant crop technology has resulted in extensive use of glyphosate, consequently, a number of weeds including Palmer amaranth and kochia evolved resistance to glyphosate throughout the US. Within a span of 5-7 years the glyphosate resistance in these weeds has spread extensively, devastating several major crops. Understanding the mechanisms of herbicide resistance is valuable to determine the level of resistance as well as how the resistance spreads in the populations. Glyphosate resistance mechanisms in Palmer amaranth and kochia have been investigated extensively. Although resistance to glyphosate has evolved as a result of amplification of 5-enolpyruvylshikimtate-3-phosphate synthase (EPSPS), the target site of glyphosate, but the distribution and configuration of amplified copies of EPSPS gene in the genomes of these two species is different. The EPSPS gene amplification may have possibly mediated by transposons in Palmer amaranth and whereas, likely to have resulted because of unequal recombination in kochia. These findings suggest that the EPSPS amplification can occur via different mechanisms in different weeds. Evolution of glyphosate resistance as a result of EPSPS gene amplification is a threat to long-term sustainability of glyphosate-resistant crop technology.
Glyphosate is widely used for wide spectrum weed control in both cropland and non-crop land, more importantly, in Roundup Ready cropping systems. Originally, when glyphosate was introduced for weed control, it was extensively used as a nonselective herbicide, for vegetation management in non-crop areas. Upon introduction of glyphosateresistant (GR) crops in the late 1990, combined with wide acceptance of this technology, led to accelerated use of this herbicide totaling ~128 million ha worldwide in 2012 (James 2012) . Adoption to GR crop technology has made a significant contribution to global agriculture and the environment as it not only increased farm income by $32.2 billion (Brookes and Barfoot 2013) but also moderated the negative environmental impacts of mechanical weed management practices (Bonny 2011; Gardner and Nelson 2008) . This was possible because, glyphosate offers a simple, effective and economic weed management option in GR crops. In addition, it provides immense value in no-till crop production systems by enabling soil and moisture conservation. However, consequence of extensive use of glyphosate resulted in intensive selection pressure. As a result, several weed populations globally have evolved resistance to glyphosate. Herbicide resistance, in particular the recent proliferation of glyphosate resistance in weed species worldwide is a major crop protection threat; nearly two dozen GR weed species have been reported in the last 15 years (Heap 2015) .
Glyphosate inhibits 5-enolpyruvylshikimate-3-phosphate synthase (EPSPS) enzyme, impairing conversion of shikimate to chorismate in the shikimate pathway (Amrhein et al. 1980, Duke and Powles 2008) . This metabolic pathway facilitates the synthesis of aromatic amino acids: phenylalanine, tyrosine, and tryptophan. Glyphosate, acts as a competitive inhibitor of EPSPS, leading to accumulation of shikimate and plant death occurs as a result of lack of aromatic amino acid synthesis (Duke and Powles 2008).
It was hypothesized that the likelihood of weeds evolving resistance to glyphosate is negligible (Bradshaw et al. 1997) , primarily because of its complex biochemical interactions in the shikimate pathway, and also due to the absence of known *Corresponding author: mithila@ksu.edu Indian Journal of Weed Science 48(2): 132-135, 2016 132-135, DOI: 10.5958/0974-8164.2016 This article was presented at the Symposium on "Herbicide Resistance: Current Status and Future Challenges Globally" held as part of the 25 th APWSS Conference, Hyderabad, India during 13-16 October, 2015. glyphosate metabolism in plants. Nonetheless, several cases of glyphosate resistance were confirmed throughout the world (Heap 2015) . The first case of glyphosate resistance was reported in rigid ryegrass (Lolium rigidum) in Australia in 1996, the same year GR-crop technology was first released in the market (Baerson et al. 2002) . Currently, there are 32 glyphosate resistant weeds in 22 different countries around the world (Heap 2015) . The main factor driving this increase in resistance to glyphosate is over reliance on this single chemical option for weed control in GR minimum till production in many cropping systems (Duke and Powles 2008).
Several different mechanisms of glyphosate resistance have been reported in weeds. These mechanisms can be grouped into two broad categories: Non-target-site and target-site based. Non-target-site resistance to glyphosate involves physiological and biochemical processes that prevent the herbicide from reaching its intended site of action, while target-site based resistance involves changes to the site-of-action of glyphosate, i.e. EPSPS. Nontarget based mechanism of glyphosate resistance, as a result of reduced translocation was documented in rigid ryegrass, common waterhemp and horseweed (Preston and Wakelin 2008) , whereas sequestration or compartmentalization of glyphosate into vacuole was also reported in horseweed (Sammons and Gaines 2014). The known target-site based glyphosate resistance mechanisms include mutations (Baerson et al. 2002) or duplication/amplification (Gaines et al. 2010 ) of EPSPS gene. Importantly, duplication/amplification of the EPSPS appears to be the basis for glyphosate resistance in several weeds (Sammons and Gaines 2014). The mechanisms of glyphosate resistance in weeds has been comprehensively reviewed by Sammons and Gaines (2014) . The purpose of this review is to discuss the mechanisms of evolution of glyphosate resistance via EPSPS gene amplification using two important weeds, Palmer amaranth and kochia as examples.
EPSPS gene amplification mechanisms
Generally, amplification of EPSPS gene causes increased expression, elevated enzyme activity, and higher protein content of the gene (Sammons and Gaines 2014) . This increase in the EPSPS gene copies results in excessive amount of the enzyme production, which in turn acts like a sponge, binding and deactivating glyphosate in solution, while the remaining unbound portion of EPSPS functions normally, ensuring plant growth and development. This has become a very widespread mechanism of glyphosate resistance, and screening for elevated EPSPS copy number has become a normal procedure in determining glyphosate resistance in weeds (Sammons and Gaines 2014). Glyphosate resistance, mediated by EPSPS gene duplication has been reported in many species such as Italian ryegrass (Salas et al. 2011) , kochia (Kochia scoparia) (Jugulam et al. 2014 , Wiersma et al. 2014 , Palmer amaranth (Gaines et al. 2010 , MohseniMoghadam et al. 2013 , and waterhemp (Chatham 2015) . This mechanism has been extensively studied, and increase in EPSPS copies correlated positively with increased level of resistance to glyphosate when compared to susceptible plants with lower EPSPS copy number (Gaines et al. 2010 and Jugulam et al. 2014) . It has been found that different species require different EPSPS copy numbers to confer resistance to glyphosate. For example, Palmer amaranth from Georgia and elsewhere in the United States required 30 to 50 copies of glyphosate to survive a field dose of glyphosate (868 g ae/ha) (Gaines et al. 2010 (Gaines et al. , 2011 . Other species, such as kochia needed 3-10 copies for withstanding the same field use rate of glyphosate (Jugulam et al. 2014; Wiersma et al. 2014) .
EPSPS gene amplification in GR Palmer amaranth
The first case of EPSPS gene amplificationbased glyphosate resistance was reported in a Palmer amaranth population from Georgia, USA (Gaines et al. 2010) . In this population, there is a massive increase (>100-fold relative to glyphosate-susceptible plants) in EPSPS copies (Gaines et al. 2010) . The copy number threshold necessary for glyphosate resistance and inheritance are most likely explained by the genetic mechanisms involved in EPSPS amplification in this species. Florescence in situ hybridization (FISH) of glyphosate-resistant Palmer amaranth (Gaines et al. 2010) suggests that EPSPS copies spread throughout the genome and they hypothesize that this pattern of distribution of EPSPS copies may have been facilitated via transposable elements. This hypothesis was tested in another study by Gaines et al. (2013) . The results of this study suggest that miniature-repeat transposable elements (MITEs) are found closer to EPSPS gene. Furthermore, Activator (Ac) transposases and repetitive sequences associated with transposons were also found. Although this study does not conclusively suggest the involvement of transposable elements in EPSPS copy distribution, it provides some evidence for a possible role of these elements in gene duplication in GR Palmer amaranth. On the other hand, EPSPS gene amplification was found to be caused as a result of amplification of only one of two EPSPS alleles (Gaines et al. 2013 , Wiersma et al. 2014 in kochia. The other allele is present only in susceptible plants. No evidence of alternative splicing of the EPSPS gene has been seen in kochia, and no other genes seem to have their expression reduced as a result of elevated EPSPS copy number. Furthermore, glyphosate-resistant Palmer amaranth also show no fitness penalty in the absence of herbicide with increases in gene copy number and expression. Palmer amaranth plants with increased EPSPS copy number and expression were found to grow and reproduce similar to susceptible plants, so this trait will most likely persist in the absence of selection by glyphosate (Giacomini et al. 2104) .
EPSPS gene amplification in GR kochia
Field-evolved GR kochia populations were first reported in western KS, USA in 2007 (Heap 2015) . However, it quickly widespread throughout the US Great Plains and Canadian Provinces by 2013 (Heap 2015) . The evolution of GR in kochia populations is also attributed to amplification of the EPSPS gene (Wiersma et al. 2014) . Unlike in GR Palmer amaranth, EPSPS: acetolactate synthase (ALS) copies ranging from 3 to 9 were found in GR kochia (Jugulam et al. 2014 , Wiersma et al. 2014 . GR kochia populations were 3-to 11-times resistant (population level) to glyphosate compared to a glyphosate susceptible population. Similar to GR Palmer amaranth, EPSPS expression was also positively correlated with EPSPS copies (Wiersma et al. 2014) . FISH results of GR kochia indicate that unlike in Palmer amaranth, all the amplified EPSPS copies are located on two homologous chromosomes, and these copies are aligned in tandem on these chromosomes as illustrated by fiber FISH analyses (Jugulam et al. 2014) . Continuous variation in EPSPS copies, and a positive correlation between EPSPS expression and copies (Wiersma et al. 2014) , suggests that the EPSPS copy number in kochia increases through an adaptive process. Furthermore, hybridization of EPSPS probes at distal ends of homologous chromosomes of kochia also suggests that duplication of EPSPS gene in GR kochia may have occurred as a result of unequal crossover, because, the gene duplication via unequal crossover most likely occurs at telomere region of chromosomes (Royle et al. 1988 , Amarger et al. 1998 , Ames et al. 2008 .
The natural occurrence of EPSPS gene amplification in GR weeds is becoming prevalent in more weeds and this will be a threat to sustainable use of glyphosate in crop production. As discussed above, massive amplification of the EPSPS gene and distribution of these copies throughout the genome (Gaines et al. 2010) , likely mediated by transposable elements (Gaines et al. 2013) , has been found in GR Palmer amaranth. On the other hand, EPSPS copies arranged in tandem on a single chromosomes was reported from our laboratory (Jugulam et al. 2014) . More importantly, these results trigger an intriguing question about the mechanisms of glyphosate, specifically whether EPSPS copy number increased in response to a positive selection or whether rare plants with multiple copies existed prior to selection. Therefore, uncovering molecular basis of EPSPS gene amplification mechanisms will help us understand how plants will respond to glyphosate selection resulting in evolution and spread of resistance to this important herbicide.
